UK, many of the earlier afforested upland blanket peat catchments were established without any riparian buffer areas, with trees planted to the stream edge (Ryder et al., 2010) . To reduce P release to recipient water courses, buffer strips with a width of 15-20 m are recommended. However, their effect may be limited if (1) most of the P release occurs in storm events, when there would be low residence times for the vegetative uptake of soluble P and (2) most of the P release are dissolved reactive phosphorus. Thus, a specific aim of the study was to investigate the P release pattern in storm events, and to quantify the P release occurring during storm events and base flow conditions. In order to reduce nutrient sources, whole-tree harvesting (WTH) is recommended (Nisbet et al. 1997 ). In the UK, WTH is usually achieved by removing the whole tree (i.e. all parts of the tree above the ground) from the site in a single operation (Nisbet et al. 1997) . In Ireland, in experimental trails conducted by Coillte, an adapted WTH procedure was adopted where the forest harvest residues are bundled and removed from the selected sites after the conventional harvesting of stem wood (personal communication, Dr. Philip O'Dea, Coillte Teoranta, 2010) . To increase the understanding of the effect of whole-tree harvesting on P release, a small-scale pilot survey was also performed to investigate if the water extractable P (WEP) contents in soil below windrow/brash material are significantly higher than for areas without windrow/brash material.
Previous studies have indicated that vegetation can retain the available P in situ and reduce P release from forest activities. In Finland, Silvan et al. (2004) demonstrated that plants are effective in retaining P in peatlands. In China and Australia vetiver grass in buffer zones and wetlands has shown a huge potential for removing P from wastewater and polluted water (Wagner et al. 2003) . Loach (1968) found that Molinia caerulea could uptake 3.4 kg TP/ha in the wet-heath soils. Sheaffer et al. (2008) reported a P uptake of 30 kg/ha by Phalaris arundinacea in their wastewater treatment sites. In this study we hypothesized that by stimulating the growth of the native grass species in the blanket peat forest area immediately after harvesting, significant amounts of P will be quickly taken up and conserved in situ, which will result in reduced P release sources. To test this hypothesis, a trial experiment was first carried out to identify the successful germination grass species in the blanket peatland. The grass species were then sown in three harvested blanket peat forest plots. The area without grass seeding worked as control. The biomass and P content of the above ground vegetation and the water extractable phosphorus in the study and control plots were tested one year after grass seeding.
Study catchment description
The Burrishoole catchment, located in County Mayo, Ireland, in the west of Ireland, consists of important salmonid productive rivers and lakes (Figure 1 ). About 18% of the catchment is covered by forests that were planted in the 1970s and which are now being, or are about to be, harvested. The study site (9°55'W 35°55'N), which is a sub-catchment of the Burrishoole catchment drained by a small first order stream, was planted with Lodgepole Pine (Pinus contorta) between January and April 1971. The stream is equipped with two flow monitoring stations at stable channel sections, one upstream (US) and the other downstream (DS) of the experimental area. The US measures flows from the control area (area A in Figure 1 ) of 7.2 ha and the DS covers the control coupe and the experimental coupe (coupes B in Figure 1 ) with a total combined area of 17.7 ha. Before the start of this study, road drainage into the channel near the US gauge was diverted into an adjoining sub-catchment. In August 2005, a wind-blown tree blocked one of the collector drains, resulting in an increase of the upstream forest control area (coupe D), to about 10.8 ha (coupes A plus D in Figure 1 ). Meanwhile the downstream harvested area increased to about 14.5 ha due to the blockage of a drain by brash mat during the harvesting, incorporating another part of the total harvested area (coupe C). Fortunately, in both cases the additional area had the same characteristics of vegetation and soils, and the relative sizes of US and DS remained unchanged -US increasing only marginally from 41% of the total area to DS before harvesting and 43% afterwards. All unit area depths in this paper have been calculated using these values. The blanket upland peat soil in all four areas A -D had been double mouldboard ploughed by a Fiat tractor on tracks creating furrows and ribbons (overturned turf ridges) with a 2 m spacing, aligned down the main slope, together with several collector drains aligned close to the contour. The trees were planted on the ribbons at 1.5 m intervals, giving an approximate soil area of 3 m 2 per tree. The initial stand density was about 2800 trees per ha but was reduced to about half by thinning and natural die-off before harvesting. The area was fertilized manually immediately after planting at a rate of 80 kg ground mineral phosphate (GMP) per ha -equivalent to 12 kg P per ha. This rate is low comparing with the normal rate of 250 kg GMP per ha. The catchment had an average peat depth of more than 2 m above the bedrock of quartzite, schist and volcanic rock, and the peat typically had a gravimetric water content of more than 80%. In the catchments, the mean annual rainfall is more than 2000 mm and the mean air temperature is about 11 o C. Hill slope gradients in areas B and C average 8 0 and range between 0 o -16 o . Bole-only harvesting was conducted in area B and C from July 25th to September 22nd 2005. The volume of lodgepole pine upon harvesting in area B (Figure 1 ) was about 400 m 3 ha -1 . The timber was harvested using a Valmet 941 harvester, and the residues (i.e. needles, twigs and branches) were left on the soil surface and collected together to form windrows. During harvesting, the boles were stacked beside the windrow for collection. A Valmet 840 forwarder delivered the boles to truck collection points beside the forest service road. To minimise soil damage, the clearfelling and harvesting were conducted only in dry weather conditions during the period from July to September 2005. That time period is recommended for harvesting in the Irish Forest Harvesting and the Environment Guidelines since ground conditions tend to be drier (Forest Service, 2000b) . Mechanised operations were suspended during and immediately after periods of particularly heavy rainfall. Another important good management practice used during the harvesting operation was the proper use of brash mats for machine travelling. Tree residues (i.e. needles, twigs and branches) were collected together to form brash mats on which the harvesting machines travelled, thus protecting the soil surface, and reducing erosion. The width of the windrows/brash mats is about 4 m. The distance between two adjacent brash mats/windrows mats is about 12 m. In the lowest part of the site where the stream is deeply incised, the trees were cut with a chain saw and left behind. The non-harvested upstream area of A and D, was used as a control area in this study as it had the same type and age of trees, similar soil, hydrologic characteristics and size, as the harvested experimental area of B and C. In the experimental area, the furrows and windrows/brash mats -formed from the harvest residues -are, in general, parallel with the study stream, which is at right angles to the contours. The surface water flows along the furrows, is collected by collector drains (arrows in Figure 1c ) and joins the study stream. Since the brash mats/windrows -formed from the harvest residues -are parallel to the study stream and furrows, and along the slope, P from the brash mats/windrows didn't enrich the brash-free soil. Soil samples were analyzed for gravimetric water content and water extractable P (WEP). The core samples were placed in bags, hand mixed until visually homogenized, and subsamples of approximately 0.5 g (dry weight) were removed and extracted in 30 ml of distilled deionized water, and measured for P using a Konelab 20 Analyser. The remaining core samples were dried to determine their gravimetric moisture contents (Macrae et al., 2005) .
In the Glennamong site, an area of about 1 ha was clearfelled in August 2009 and three plots of 100 m 2 (plot 1), 360 m 2 (plot 2) and 660 m 2 (plot 3) were identified for the grass seeding plot-scale study. Each plot received the same sowing treatment, which comprised of a 50:50 ratio of Holcus lanatus and Agrostis capillaris. The ground was undisturbed and the seed was distributed evenly by hand at an initial rate of 36 kg ha -1 on top of the old forest residue layer in October 2009. December 2009 and January 2010 were exceptionally cold months and a layer of snow measuring 30 cm in depth was recorded above the seeded area. To eliminate the risk of seed establishment failure the plots were seeded again in February 2010 at the same rate of 36 kg ha-1. The area which was not seeded was used as control. 100-mm-deep soil cores consisting of the humic and upper peat layers were collected using a 30-mmdiameter gouge auger in the Glennamong site one year after grass seeding. 4, 8 and 14 soil samples were taken from plot 1, 2 and 3, respectively. Soil samples were analyzed for gravimetric water content and water extractable P (WEP). To estimate the aboveground vegetation biomass in the study and control plots, thirty two 0.25 m x 0.25 m quadrats were randomly sampled (Moore and Chapman 1986) in each site in August 2010. All vegetation lying within the quadrat was harvested to within 1 cm and dried at 80 °C in the laboratory on the day of collection for 48 hours. Samples were then weighed and the biomass was calculated by using Equation 1. Total phosphorus (TP) content of the vegetation was measured in accordance with Ryan et al. (2001) . About 1 g of dry matter from each sample was weighed, ground and put into a furnace at a temperature of 550oC overnight, then 5 ml of 2 N HCl was added to extract the P and subsequently diluted to 50 ml with deionised water. P in the solution was analyzed using a Konelab 20 Analyser (Konelab Ltd.).
Where Bp is the biomass production (kg/ha); Wt is the total dry weight of the samples (kg) and St is the total area (m2).
Analysis methods
Storm flow was defined as the total flow (including the base flow) from the time where stream flow begins to increase on the rising limb to the time when the flow on the falling limb intercepts the separation line with a constant slope of 0.0055 L s -1 ha -1 hour -1 (Yusop et al., 2006) . Monthly TRP loading was calculated in base flow and storm flow periods as follows (Yusop et al., 2006) :
where Q mTRP is monthly TRP load (μg month -1 ); C is the discharge-weighted mean concentration (μg L -1 ) and Q m is the total flow (L month -1 ). For each month, C (μg L -1 ) values at base flows and storm flows were calculated separately, using the following equation (Fergusson, 1987) :
where c is the instantaneous concentration (μg L -1 ), q the corresponding discharge during sampling (L s -1 ) and n is the number of low flow or storm flow samples in the respective month. Finally, the annual loading is calculated as the summation of monthly loadings during both low and storm flow periods.
The TRP loads were calculated using the following linear equation:
where QTRP represents the TRP yield (μg), Q is the water discharge (L), and (μg L -1 ) and (μg) are obtained by the least squares method using observed TRP yield and water discharge data. The differences in WEP in soil in kg ha -1 between the areas without windrow and with windrow were calculated by assuming that windrow comprises 25 % of the harvested area and that soil density is similar in areas below windrow and without windrow.
The difference between the daily total reactive phosphorus (TRP) concentrations at the US and DS stations in the first four years after harvesting was analysed using a paired samples t-test at the 95% significance level (P=0.05). The difference between the soil WEP in A and B before harvesting was analysed using an independent samples t-test at the 95% significance level (P=0.05). After harvesting, the differences between the soil WEP in (i) area A and the brash/windrow-free area in B and (ii) under the brash/windrow and in the brash/windrowfree area in B were also analysed using an independent samples t-test at the 95% significance level (P=0.05). All the t-test was done with the SPSS statistical tool (http://www.spss.com).
Results and discussions

Suspended solids release
During base flow conditions, suspended solid concentrations at the US and DS stations were generally low before and after harvesting and ranged from 0.1 to 5 mg/l. Stream suspended solid are usually episodic -most solid is carried in high flows -so this study focused on the storm events. A rainfall event was defined as a block of rainfall that was preceded and followed by at least 12-hours of no rainfall (Hotta et al., 2007) . A total of 23 events were studied in this paper: 8 before and 15 after harvesting. 114 and 394 water samples were collected at both stations before and after harvesting, respectively. Figure 2 shows the suspended solid concentrations and flows in some storm events before and after the harvesting period. As expected, variations in suspended solid concentration roughly correlate to the temporal profile of water discharge, and bigger storm events generally result in higher suspended solid concentrations. In most of the studied storms, suspended solid increased quickly at the beginning of the water discharge and reached the maximum prior to the water discharge peak, which could be due to the build-up of the soil fraction available for release and erosion prior to rainfall. Similar phenomena were also observed by Drewry et al. (2008) and Baca (2002) . Figures 3a and 3b show the relationships between suspended solid concentrations of the US and DS before and after harvesting, respectively. Larger scatter was found in the correlation of US and DS suspended solid concentrations after harvesting. In most of the storm events the peak flows passed US earlier than DS with the time difference of less than 30 minutes. Simple power equations were used to describe the solid relationships between the two stations:
Where C DS and C US are the suspended solid concentrations at DS and US stations, and a and b were obtained by the least squares method. Parameter a increased from about 1.35 before harvesting to about 1.98 after harvesting and b decreased from 1.01 to 0.81. In order to examine the impact of the harvesting activities on the sediment release, the solid at DS was estimated as the dependent variable by using the pre-harvesting power function equation (a = 1.35 and b = 1.0) and the observed postharvesting solid at US as the independent variable. The estimated and measured solid concentrations at DS were compared using a paired samples t-test at the 95% significance level (P=0.05) (http://www.spss.com), which indicated that there was no statistically significant difference between the estimated and measured concentrations. 
General trends
The average P concentrations in the rainfall were 13 ± 6 μg L -1 of TP and 4 ± 3 μg L -1 of TRP. Figure 4 shows the daily discharge-weighted mean TP and TRP concentrations at US and DS stations during the study period. The release pattern of P concentrations -increasing to a clear peak after harvesting, experiencing a distinct declining tail, and then increasing to the maximum peak in the next summer -was also observed by Cummins and Farrell (2003) in a study carried out in a blanket peatland forest in the west of Ireland. The maximum peak in the next summer after harvesting was also observed by Nieminen (2003) in a Scots pinedominated peatland in southern Finland. The daily discharge-weighted mean P concentrations at the DS station reduced to less than 15 μg L-1 of TRP and 20 μg L-1 of TP in July 2009, four years after harvesting. Statistical analysis indicated that P concentrations at the DS station were significantly higher than that at the US station (P=0.05) in the 4-year period following harvesting. Figure 5 shows the relationship between the DRP, TRP and TP at the DS station during the study period. Linear regressions were established for DRP and TRP versus TP. TRP and DRP were about 87 % and 77 % of TP, respectively, which indicated that: (1) the majority of TP was reactive and (2) particulate P concentrations were low. Renou-Wilson and Farrell (2007) found that in water samples with high organic matter content, TRP may be equal to TP.
Effect of storm flow events
Over 120 storm events were analysed in this study. Along with being influenced by the elapsed time after harvesting, P concentrations were also affected by the flow rates ( Figure 6 ).
www.intechopen.com In over 80 % of the monitored storm events, P concentrations increased at the discharge rising stage, reached the maximum prior to the peak flow rate, and then reduced to a relatively stable value. The major part of the P loading in receiving waters after harvesting activities was derived from the P movement from the topsoil to the stream during overland flow events (McDowell and Wilcock, 2004; Monaghan et al., 2007) . Shigaki et al. (2006) and Quinton et al. (2001) found that high rainfall intensity resulted in a greater degree and depth of interaction between runoff and surface soil, including high runoff DRP concentrations, compared to what occurs during low rainfall intensities. The P concentrations were also affected by antecedent weather conditions. In the storm event of November 2nd 2005, peak TRP concentrations were 197 μg L -1 , 106 μg L -1 and 113 μg L -1 in Events 1, 2 and 3 ( Figure 6 ). The peak TRP concentration in Event 2 was lower than in Event 1, although the flow rate was higher, which could be due to less labile P sources being available for release in Event 2. When a storm event follows immediately after a previous storm event, much of the labile P has already been removed by the previous flood (Bowes et al., 2005) . Similar phenomena were also observed in other storm events. 
Phosphorus loads
Annual TRP loads from the control area were steady and low during the study period, with values of less than 60 g ha -1 . Figures 7 shows the TRP loads from the harvested area in base flow and storm flow in the first 4 years after harvesting. A total of about 5.15 kg ha-1 of TRP was released from the harvested area in the four years after harvesting, and mainly occurred in the first three years. The highest TRP load of 2303 g ha -1 was recorded in the second year after harvesting. Most of the TRP was released in storm events.
P concentrations in downstream river
Phased felling is recommended in the UK (Forest Commission 1988) and Ireland (Forest Service 2000a) to diminish the negative impact of harvesting on water quality. Harvesting appropriately sized coupes in a catchment at any one time can minimise the nutrient concentrations in the main rivers (Rodgers et al. 2010) . In their study, Cummins and Farrell (2003) found that the study streams had P concentrations well above critical levels for eutrophication, but they didn't know what implications these pollutions had for downstream river-water quality in larger channels. This study found that the P concentration at the DS station in the study stream did not have a large impact on the P concentration in the main river, which covers an area of 200 ha above its confluence with the study stream and should have a dilution factor of about 8 for the study stream. These preliminary results indicated that catchment-based selection of the harvesting coupe size could limit the P concentrations in the receiving waters after harvesting. Figure 8 shows the WEP of the soil between the windrows and areas under the windrows in the DS harvested area and the US control area in May 2005 , April 2006 , March 2007 , April 2008 and March 2009 . The independent samples t-test indicated that (i) before harvesting (in May, 2005) , the difference between the WEP concentrations in area A and area B was not significant; (ii) after harvesting (in April, 2006 and March, 2007) , WEP concentrations were significantly higher in the brash/windrow-free soils in area B than in area A (P=0.05); (iii) in the harvested area B, the WEP concentrations under the windrows/brash were significantly higher than those in the windrow/brash-free area in April 2006 , March 2007 , April 2008 and March 2009 . The high WEP value under the windrows/brash material lasted longer than for the windrow-free areas, which could be due to the relatively low decomposition rates of bark and branches (Ganjegunte et al., 2004) .
Water extractable P concentrations of the soil after harvesting
Possible mitigation methods
Whole tree harvesting, buffer zone and phased felling
In order to reduce nutrient sources after harvesting, whole-tree harvesting is recommended (Nisbet et al., 1997) . Needles and branches have much higher nutrient concentrations than stem wood. Whole-tree harvesting may reduce nutrient sources by 2 to 3 times more than bole-only harvesting (Nisbet et al., 1997) . This study found higher WEP contents in harvested areas below windrow/brash material than for the brash-free sites, indicating that whole-tree harvesting could be used as a means to decrease P release. A buffer zone is an area adjacent to an aquatic zone and managed for the protection of water quality (Forest Service, 2000a) . Within buffer zones, natural vegetation and/or planted suitable tree species are allowed to develop. Buffer zone has been widely used by forestry practitioners in the protection of freshwater aquatic systems (Newbold et al., 2010) . However, this study shows that traditional buffer zones may not be an efficient method to mitigate the P release from all harvested areas, since, in this study, about 80 % of TP in the study stream was soluble and more than 70 % of the P release occurred in storm events when there would have been low residence times for the uptake of soluble P in the buffer zones. In fact, using buffer zones to reduce P release could do the opposite, as the buffer zones which usually adjoin to the water body could become P release sources (Uusi-Kämppä, 2005) .
Phased felling and limiting size to minimise negative effects have been recommended in the UK (Forestry Commission, 1988) and Ireland (Forest Service, 2000a) . Harvesting proper proportion of a catchment at any one time can reduce the nutrient concentrations on aquatic systems. This study found that due to the dilution capacity of the main river, the P concentrations in the river were low after harvesting, indicating that catchment-based selection of the harvesting coupe size could limit the P concentrations in the receiving waters after harvesting. However, the management strategy does not reduce the total P load leaving the harvested catchment.
A possible novel practice -Grass seeding
Figures 9 shows the P content of the above ground biomass in the sown and control plots. Seeding of Holcus lanatus and Agrostis capillaris increased the above ground vegetation P content one year after grass seeding. While there was very little vegetation growth in the control plots (22 kg biomass ha-1 with P content of 0.02kg TP ha-1) , vegetation biomass of 2753 kg ha-1, 723 kg ha-1 and 2050 kg ha-1 were observed in the three study plots, giving the TP content of 2.83 kg ha-1, 0.65 kg ha-1 and 3.07 kg ha-1, respectively (Figure 9 ). The P content of above ground biomass in the sown plots was significantly higher than in the control plots (t test, p < 0.01). The vegetation collected for testing was cut to 1cm aboveground level so these estimates could in fact be higher when taken below ground biomass production into account which has been estimated at 30% of the total plant biomass (Scholes and Hall 1996) . In the UK, Goodwin et al. (1998) found that Holcus lanatus produced biomass of 3405 kg ha-1 with P concentrations of 1.64 mg TP (g biomass)-1, giving the total P content of 5.58 kg P ha-1. Figure 10 shows the water extractable phosphorus (WEP) concentrations in the sown plots and the control plots. The WEP in the three study plots were 9 mg P (kg dry soil) -1 , 12 mg P (kg dry soil) -1 and 6 mg P (kg dry soil)-1, respectively, which was significantly lower than the value of 27 mg P (kg dry soil)-1 in the control areas ( Figure 9 ) (t-test, p < 0.01).
Future research on the potential of grass seeding as forestry BMP should measure stream chemistry to assess the success of the practice at protection water quality. It is expected that the P measured in the grass would render a corresponding reduction in the P exported by the stream after harvesting. However this has not been addressed by this study. Sowing grass immediately after harvesting may affect forest regeneration. 
Conclusions
The results of this study indicated that post-guideline harvesting (1) did not have long-term impact on the suspended solid concentrations and did not change the erosion characteristics of the catchment, but (2) increased the TRP export in the study stream, and this impact could last for more than four years. In the first three years following harvesting, up to 5.15 kg ha-1 of TRP were released from the catchment to the receiving water; in the second year alone after harvesting, 2.3 kg ha-1 were released.
About 80 % of TP in the study stream was soluble and more than 70 % of the P release occurred in storm events, indicating that traditional buffer zones may not be an efficient method to mitigate the P release from all harvested areas. Due to the dilution capacity of the main river, the P concentrations in the river were low during the study period, indicating that rational sizing of the harvesting coupe could be an efficient practice to limit the P concentration in the receiving waters following harvesting. However, the study comprised only one experimental catchment. In future research, more paired sites should be investigated. Higher WEP concentrations found under the windrows/brash material, were due to P release from decomposing logging residues. This indicates that whole-tree harvesting could, at least to some extent, be used as a means to decrease P release from blanket peats. The results of this study also indicate that Holcus lanatus and Agrostis capillaris can be quickly established in blanket peat forest areas after harvesting and has the potential to immobilize the P that would otherwise be available for leaching. Further research into the feasibility of grass seeding as a potential new best management practice is clearly warranted.
